, a member of the transient receptor potential (TRP) superfamily, is a Ca 2ϩ -permeable channel, which mediates susceptibility to cell death following activation by oxidative stress, TNF␣, or ␤-amyloid peptide. We determined that TRPM2 is rapidly tyrosine phosphorylated after stimulation with H 2O2 or TNF␣. Inhibition of tyrosine phosphorylation with the tyrosine kinase inhibitors genistein or PP2 significantly reduced the increase in [Ca 2ϩ ]i observed after H2O2 or TNF␣ treatment in TRPM2-expressing cells, suggesting that phosphorylation is important in TRPM2 activation. Utilizing a TransSignal PDZ domain array blot to identify proteins which interact with TRPM2, we identified PTPL1 as a potential binding protein. PTPL1 is a widely expressed tyrosine phosphatase, which has a role in cell survival and tumorigenesis. Immunoprecipitation and glutathione-Stransferase pull-down assays confirmed that TRPM2 and PTPL1 interact. To examine the ability of PTPL1 to modulate phosphorylation or activation of TRPM2, PTPL1 was coexpressed with TRPM2 in human embryonic kidney-293T cells. This resulted in significantly reduced TRPM2 tyrosine phosphorylation, and inhibited the rise in [Ca 2ϩ ]i and the loss of cell viability, which follow H2O2 or TNF␣ treatment. Consistent with these findings, reduction in endogenous PTPL1 expression with small interfering RNA resulted in increased TRPM2 tyrosine phosphorylation, a significantly greater rise in [Ca 2ϩ ]i following H2O2 treatment, and enhanced susceptibility to H 2O2-induced cell death. Endogenous TRPM2 and PTPL1 was associated in U937-ecoR cells, confirming the physiological relevance of this interaction. These data demonstrate that tyrosine phosphorylation of TRPM2 is important in its activation and function and that inhibition of TRPM2 tyrosine phosphorylation reduces Ca 2ϩ influx and protects cell viability. They also suggest that modulation of TRPM2 tyrosine phosphorylation is a mechanism through which PTPL1 may mediate resistance to cell death.
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TRPM2, also called LTRPC-2, was the second member of the TRPM family to be described (17, 36, 38, 42, 54) . It is expressed in many cell types, including brain and hematopoietic cells (42) . Extracellular signals that activate TRPM2 include oxidative stress, TNF␣, amyloid ␤-peptide, and concanavalin A (14, 16, 17, 50, 55) . Stimulation with these extracellular signals is thought to result in production of intracellular ADP ribose, which activates TRPM2 by binding to the TRPM2 COOH-terminal NUDT9-H domain (16, 20, 27, 39, 40, 50) . TRPM2 plays an important role in susceptibility to cell death induced by oxidative stress or TNF␣, dependent on an increase in the free intracellular calcium concentration ([Ca 2ϩ ] i ) (14, 17, 55) . The protein tyrosine phosphatase-L1 (PTPL1) is a widely expressed, nonreceptor protein tyrosine phosphatase, which has an important role in cell survival and tumorigenesis (2, 23, 53) . PTPL1, also called PTP-BAS (31) , hPTP1E (4), or Fasassociated phosphatase-1 (FAP-1) (43) , is one of the largest protein tyrosine phosphatases with 2,485 amino acids (3) . It contains a kinase noncatalytic C-lobe domain and a four-pointone/ezrin/radixin/moesin domain in the NH 2 terminus, five PDZ domains between residues 1102 and 1990, and a protein tyrosine phosphatase domain in the COOH terminus (10, 13, 48) . The four-point-one/ezrin/radixin/moesin domain may be necessary for targeting of PTPL1 to the apical surface of the plasma membrane (13) , and the PDZ domains play a role in regulating the intracellular localization of PTPL1 and its interaction with other substrates and proteins (22, 25, 26) . Targets dephosphorylated by PTPL1 include phosphoephrin B ligands and proteins phosphorylated by Src kinases (13, 23, 49) . The insulin receptor substrate protein and the phosphatidylinositol 3-kinase pathway are other targets of PTPL1 (6, 26, 48) . The functional consequences of PTPL1-mediated dephosphorylation are, in general, not yet clear (13) .
PTPL1 is highly expressed in several human tumors, and the level of PTPL1 expression correlates positively with resistance of tumors to FasL-mediated apoptosis (2, 23, 30, 32, 35, 46, 53) . One mechanism through which PTPL1 may modulate tumorigenesis is through regulation of Fas cell surface expression. PTPL1 has been reported to directly interact with Fas, retaining Fas in cytoplasmic pools, and inhibiting Fas cell surface expression (23) . In Ewing's sarcoma family tumors, which are characterized by the expression of the aberrant oncogenic transcription factor EWS-FLI1, high expression levels of PTPL1 result from transcriptional upregulation of PTPL1 by EWS-FLI1, with higher expression in metastatic compared with primary tumors (2) . In contrast to the increased proliferation observed in cells overexpressing PTPL1, reduction in PTPL1 levels has been associated with enhanced susceptibility to apoptosis. Reduced PTPL1 expression in Ewing's sarcoma family tumor cells resulted in increased sensitivity to etoposide-induced apoptosis in vitro (2) . In addition, hematopoietic cells from patients with myelodysplastic syndromes have reduced or absent levels of PTPL1, which may contribute to the enhanced apoptotic death in cells from these patients' bone marrows (35) . These data suggest that the phosphatase PTPL1 has an important role in cell death and survival, and contributes to tumorigenesis.
Here, we demonstrate that the calcium-permeable channel TRPM2 is tyrosine phosphorylated within 1 to 10 min after treatment with H 2 O 2 , a model of oxidative stress, or TNF␣, and that tyrosine phosphorylation modulates the rise in [Ca 2ϩ ] i in TRPM2-expressing cells. PTPL1 associated with TRPM2, both endogenously and in transfected cells. Coexpression of PTPL1 with TRPM2 reduced tyrosine phosphorylation of TRPM2, blocked the rise in [Ca 2ϩ ] i , and protected cells from death following H 2 O 2 treatment. In contrast, reduction of endogenous PTPL1 expression resulted in increased TRPM2 tyrosine phosphorylation, enhanced [Ca 2ϩ ] i , and increased susceptibility of cells to death. These data indicate that TRPM2 is a target for dephosphorylation by PTPL1 and suggest that modulation of TRPM2 phosphorylation and channel activation is a mechanism through which PTPL1 may mediate resistance to apoptosis.
EXPERIMENTAL PROCEDURES
Cell lines, cDNAs, and transfection methods. HEK-293T cells were cultured in Dulbecco's modified Eagle's media with 10% FBS. U937-ecoR cells, a cell line stably expressing ecotropic receptor for retrovirus and generated in the laboratory of Dr. Linda Penn (Ontario Cancer Institute, Toronto, Canada), were cultured in ␣-MEM with 10% FBS. TRPM2 was subcloned into pcDNA3.1/V5-His TOPO (Invitrogen, Carlsbad, CA) or pQBI50 (QbioGene, Carlsbad, CA) (55) . pFLAG-CMV2 vector encoding full length PTPL1 was provided by Dr. Carl-Henrik Heldin (Ludwig Institute for Cancer Research, Uppsala, Sweden). pEBG-2T vectors encoding 5 different PTPL1 PDZ domains linked to an NH 2-terminal GST tag were provided by Drs. Dario Alessi and Maria Deak (University of Dundee, Dundee, UK) (26) . The PTPL1 PDZ domains 1-5 encompass residues 1099 -1199, 1372-1467, 1506 -1615, 1796 -1887, and 1888 -1990, respectively (26) . PTPL1 was subcloned into pTracer-CMV (Invitrogen) for digital video imaging experiments. HEK-293T cells at ϳ80% confluence were transfected with individual vectors or combinations using Fugene 6 (Roche, Indianapolis, IN) or Lipofectamine 2000 (Invitrogen), based on the manufacturer's recommended transfection protocols. HEK-293T cells were routinely studied 48 h after transfection.
Immunoblotting and immunoprecipitation. For Western blotting, whole cell lysates or immunoprecipitates were separated on 8% polyacrylamide gels, followed by transfer to Hybond-C Extra membranes (Amersham Biosciences, Piscataway, NJ). Western blot analysis was performed as previously described (9) . Blots were incubated with anti-V5-HRP (1:10,000, Invitrogen), anti-phosphotyrosine (clone 4G10, 1:1,000, Upstate Cell Signaling, Lake Placid, NY), anti-PTPL1 (anti-FAP clone H300, 1:250 to 1:1,500, Santa Cruz Biotechnology, Santa Cruz, CA), anti-GST (1:10,000; Sigma, St. Louis, MO), anti-actin (1:10,000; Sigma), anti-tubulin (1:10,000; Sigma), and anti-TRPM2-C (1:1,000, Bethyl Laboratories, Montgomery, TX) antibodies. Blots were washed and incubated with the appropriate horseradish peroxidase (HRP)-conjugated antibodies (1:2,000). Enhanced chemiluminescence (ECL) was used for detection of signal. To examine TRPM2 tyrosine phosphorylation or interaction of TRPM2 and PTPL1, immunoprecipitation was performed. Cells were washed in ice-cold Hanks' balanced salt solution and lysed in buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100) supplemented with Complete Protease Inhibitor Cocktail (Roche). For phosphorylation studies, 10 mM NaF and phosphatase inhibitor cocktail 2 (Sigma) were added into lysis buffer. Proteins were immunoprecipitated by mixing lysates with anti-V5 antibody (2 g/mg lysate, Invitrogen) and protein G-sepharose 4B Fast Flow beads (Sigma) for 4 h at 4°C, or anti-TRPM2-C antibody (6 g/mg lysate) overnight at 4°C, followed by addition of protein A/G PLUS-agarose beads (Santa Cruz). Immunoprecipitates were washed three times, and sample buffer was added to the pellets. For immunoprecipitation of FLAG-PTPL1, cell lysates were preabsorbed with protein A-sepharose CL-4B (Amersham Biosciences) and immunoprecipitated with 50 l anti-FLAG M2 affinity gel (Sigma) for 2 h at 4°C. Samples were washed three times, and peptide elution was performed by the addition of 40 l FLAG peptide (at 0.5 mg/ml; Sigma). Immunoprecipitates were heated at 60°C for 30 min to prevent aggregation before gel entry, which has been reported for membrane proteins (15) . Western blot analysis was performed as described above. Band intensity was quantified with the use of a calibrated densitometer (model GS800, Bio-Rad) using Quantity One software.
Purification of GST-fusion proteins. HEK-293T cells were cotransfected with TRPM2 in pcDNA3.1-V5/His TOPO vector and one of five different PTPL1-PDZ domains in pEBG-2T vector, which encodes an NH 2 terminal GST tag. At 48 h posttransfection, cells were harvested and lysed in buffer (50 mM Tris, pH 7.5, 1 mM EGTA, 1 mM EDTA, 1% Triton X-100, 1 mM Na3VO4, 50 mM NaF, 5 mM sodium pyrophosphate, 0.27 M sucrose, 0.1% ␤-ME, and Complete Protease Inhibitor). Glutathione sepharose high-performance beads (Amersham Biosciences) were washed, lysate added to the beads, and the suspension was incubated for 30 min at 4°C. The beads were then washed twice with lysis buffer supplemented with 0.5 M NaCl, and twice with buffer B (50 mM Tris, pH 7.5, 0.1 mM EGTA, and 0.1% ␤-ME) (26) . Bound GST proteins were eluted with 50 mM Tris/10 mM reduced glutathione, pH 7.4, followed by Western blot analysis with anti-V5-HRP and anti-GST antibodies.
Downregulation of PTPL1 by siRNA. HEK-293T cells were cotransfected with TRPM2 in pcDNA3.1-V5/His TOPO vector and FAP (PTPL1) siRNA (sc-43560, Santa Cruz) or control siRNA (sc-37007, Santa Cruz). Transfection was performed following the manufacturer's protocol using transfection reagents (sc29528) purchased from Santa Cruz. At 72 h after transfection, cells were treated with H2O2 for different time intervals, and cell viability assessed. Western blot analysis was performed to confirm downregulation of PTPL1.
Measurement of [Ca 2ϩ ]i with digital video imaging. 293T cells were transfected with the empty pQBI50 vector or pQBI50 vector expressing TRPM2. In some experiments, empty pTracer-CMV vector or vectors expressing PTPL1 were also coexpressed, or PTPL1 was downmodulated with siRNA. Successful transfection of individual HEK-293T cells with pQBI50 vectors was verified by detection of BFP (excitation, 380 nm; emission, 435 nm) and with pTracer-CMV by detection of GFP (excitation, 478 nm; emission, 535 nm) with our fluorescence microscopy-coupled digital video imaging system (7, 8, 33) . To study changes in [Ca 2ϩ ]i in transfected cells, we were not able to use Fura-2 as the detection fluorophore because its excitation and emission wavelengths overlap with BFP. Instead, we used the fluorescent indicator Fura red (excitation, 440 and 490 nm; emission 600 nm long pass), a dual wavelength excitation probe (29, 51) . At 48 h post transfection, HEK-293T cells were loaded with 5 M Fura red-AM (Molecular Probes, Eugene, OR) for 20 -25 min at 37°C in the presence of Pluronic F-127. The extracellular buffer routinely contained 0.68 mM CaCl 2. In some experiments, cells were pretreated for 30 min and during the experiment with the tyrosine kinase inhibitor genistein (Calbiochem, La Jolla, CA), its inactive analog daidzen (Calbiochem), the Src kinase inhibitor PP2 or its negative control PP3 (Calbiochem). HEK-293T cells were then treated with 0, 1 mM H 2O2, or 100 ng/ml TNF␣. [Ca 2ϩ ]i was measured in individual cells at baseline and at 1-to 2-min intervals for 20 min by determination of the fluorescence intensity ratio R (F 440/F490). Where indicated, [Ca 2ϩ ]i was measured more frequently during the first 2 min. The constants Sf2, Sb2 and the KЈD of Fura red were calibrated and Rmin and Rmax measured for Fura Red as described previously (9) . [Ca 2ϩ ]i was calculated using the formula [
). Statistical significance of results was analyzed with one-way ANOVA.
Assays of cell viability. Cell viability was assessed by trypan blue exclusion. Apoptosis was assessed using the Vibrant Apoptosis Assay Kit no. 2 (Molecular Probes) following the manufacturer's protocol. Apoptotic cells labeled with annexin V conjugated to Alexa Fluor 488 and dead cells labeled with propidium iodide (PI) were detected with fluorescence microscopy using a Nikon Eclipse TE2000 inverted microscope and Coolsnap HQ Monochrome Camera.
RESULTS

TRPM2 is tyrosine phosphorylated following treatment with H 2 O 2 or TNF␣.
The activity of several TRP channels is regulated by tyrosine phosphorylation (21, 24, 47) , but the role of phosphorylation in TRPM2 activation is not known. We first examined whether TRPM2 is tyrosine phosphorylated following treatment with H 2 O 2 or TNF␣. HEK-293T cells heterologously expressing V5-tagged TRPM2 were treated with 1 mM H 2 O 2 or 100 ng/ml TNF␣ for 0 to 60 min. (14, 17, 40, 54, 55) . To determine whether tyrosine phosphorylation is important in TRPM2 channel activation, we examined the effect of inhibition of endogenous tyrosine kinases on the rise in [Ca 2ϩ ] i observed in TRPM2-expressing cells after treatment. We utilized a system we established to quantitate [Ca 2ϩ ] i in single cells (8 ] i , which was significantly greater in HEK-293T cells expressing BFP-TRPM2 than in cells transfected with empty pQBI50 (BFP-V) vector (P Ͻ 0.001, P Ͻ 0.05, respectively; Fig. 3 ). This is consistent with previous reports (17, 55) . In five experiments, genistein pretreatment significantly inhibited the rise in [Ca 2ϩ ] i observed in TRPM2-expressing cells in response to H 2 O 2 or TNF␣ (P Ͻ 0.001, P Ͻ 0.01, respectively), whereas daidzen did not (Fig.  3) . To further examine whether a Src kinase is involved, cells were pretreated with 4 M of the Src-specific inhibitor PP2 or its negative control PP3. PP2 but not PP3 significantly inhibited the rise in [Ca 2ϩ ] i in TRPM2-expressing cells following treatment with H 2 O 2 or TNF␣ (P Ͻ 0.001, P Ͻ 0.001, respectively; Fig. 3 ). These results demonstrate that tyrosine phosphorylation has a major role in TRPM2 activation. Endogenous TRPM2 protein was only weakly detected by Western blot analysis in HEK-293T cells after long exposure times. In addition, the endogenous calcium response to H 2 O 2 or TNF␣ in cells transfected with empty vector was not significantly inhibited by genistein or PP2 (data not shown), suggesting that the majority of the increase in [Ca 2ϩ ] i in nontransfected HEK-293T cells may be secondary to activation of other channels.
TRPM2 interacts with the tyrosine phosphatase PTPL1. To identify candidate proteins that interact with TRPM2 and modulate its function, we initially utilized a TransSignal PDZ Domain Array I blot from Panomics (Redwood City, CA). PDZ domains are regions of sequence with homology found in diverse signaling proteins. PDZ recognition sequences are often present in transmembrane receptors and channels, and modulate interactions with proteins which express PDZ domains (18, 37). The TransSignal PDZ Domain Array I blot has 32 protein sequences with PDZ domains spotted on an array membrane, including the first and fifth PDZ domains of PTPL1. The blot was incubated with lysates from HEK-293T cells expressing V5-TRPM2, followed by exposure to anti-V5-HRP antibody and ECL. V5-TRPM2 interacted with the first and fifth PDZ domains of PTPL1 (data not shown). These data suggested that the tyrosine phosphatase PTPL1 may interact with TRPM2 and therefore may play a role in TRPM2 activation by modulation of tyrosine phosphorylation. To confirm that TRPM2 associates with PTPL1, immunoprecipitation experiments were performed on lysates from HEK-293T cells expressing V5-tagged TRPM2, FLAG-tagged PTPL1, or both. With the use of anti-FLAG M2 affinity gel or anti-V5 antibody, TRPM2 was immunoprecipitated reciprocally with PTPL1 (Fig. 4A) , suggesting that TRPM2 and PTPL1 interact. This experiment was performed eight times with similar results. Of note, with very long exposure times, endogenous PTPL1 could be detected in lysates (Fig. 4A,b) . To determine whether PTPL1 and TRPM2 interact endogenously, lysates were prepared from the human monocytic leukemia cell line U937-ecoR, which expresses higher levels of endogenous TRPM2 protein than HEK-293T cells (55) . TRPM2 was immunoprecipitated with anti-TRPM2-C antibody, and Western blotting of immunoprecipitates and supernatants was performed with anti-PTPL1 and anti-TRPM2-C antibodies. Although long exposure times were required to see endogenous PTPL1 protein, PTPL1 did immunoprecipitate with TRPM2 (Fig. 4B) . Neither protein was observed in supernatants, likely because the low concentrations of these endogenous proteins in the supernatant made detection difficult (not shown). Neither PTPL1 nor TRPM2 precipitated with normal rabbit serum, showing specificity of results. Coimmunoprecipitation was observed in four experiments, demonstrating that these two endogenous proteins associate.
To further characterize the interaction of PTPL1 with TRPM2, we examined the ability of each of the five isolated PDZ domains of PTPL1 to interact with TRPM2 using a GST pull-down assay. The five PTPL1 PDZ domains located between residues 1099 -1199, 1372-1467, 1506 -1615, 1796 -1887, and 1888 -1990 were individually subcloned into pEBG-2T, expressing PDZ domains with a GST tag (26) . HEK-293T cells were transfected with V5-TRPM2 and each of these GST-fusion proteins, and GST pull-down performed. The first and fifth GST-tagged PDZ domains of PTPL1 bound to V5-TRPM2, whereas in parallel experiments the second, third, and fourth PDZ domains of PTPL1 failed to bind (Fig. 5) . These results confirm the findings of immunoprecipitation experiments demonstrating interaction of TRPM2 and PTPL1, and the TransSignal PDZ Domain Array Blot I, indicating interaction of TRPM2 with PDZ domains 1 and 5. This experiment was repeated three times with identical results.
Increased expression of PTPL1 reduces TRPM2 tyrosine phosphorylation. As TRPM2 and PTPL1 associate, we examined whether PTPL1 is involved in regulation of TRPM2 tyrosine phosphorylation. HEK-293T cells transfected with V5-TRPM2 in the presence or absence of FLAG-PTPL1 were treated for 0 to 30 min with 1 mM H 2 O 2 or 100 ng/ml TNF␣. TRPM2 was immunopreciptated from lysates with anti-V5 antibody, followed by Western blot analysis with anti-phosphotyrosine, anti-V5, or anti-PTPL1 antibodies. Tyrosine phosphorylation of TRPM2 observed after H 2 O 2 or TNF␣ treatment was reduced in the presence of cotransfected PTPL1, suggesting that TRPM2 is a target for dephosphorylation by this phosphatase. A representative result of three experiments is shown in Fig. 6 . Densitometry was used to quantitate tyrosine phosphorylated and total V5-TRPM2 bands. The amount of phosphorylated TRPM2 was normalized to the amount of total TRPM2 immunoprecipitated at each time point, and the mean Ϯ SE %phosphorylation of TRPM2 in the ] i response after treatment. As shown in Fig. 7 , the amount of TRPM2 expressed in PTPL1 cotransfected cells was similar to that expressed in cells transfected with TRPM2 alone or TRPM2 with empty pTracer-CMV vector. The higher molecular mass of TRPM2 in Fig. 7 (200 kDa) compared with that observed in other experiments (171 kDa) is secondary to linkage of TRPM2 to BFP. This experiment was repeated twice with similar results.
To assess the role of PTPL1 in mediating susceptibility to cell death through TRPM2 (17, 55), HEK-293T cells transfected with V5-TRPM2, FLAG-PTPL1, empty vectors, or combinations were treated with 1 mM H 2 O 2 . Viability was assessed by trypan blue exclusion and Annexin V staining. At 1, 6, and 24 h after treatment, cell viability assessed by trypan blue exclusion was significantly reduced in cells expressing TRPM2 and empty pFLAG-CMV2 vector (vector1), compared with nontransfected cells (P Ͻ 0.001) or cells expressing PTPL1 and pcDNA3.1/V5-His TOPO vector (vector 2; P Ͻ 0.001) (see Fig. 8A ). Coexpression of PTPL1 with TRPM2 preserved cell viability compared with cells expressing TRPM2 and empty vector1 (P Ͻ 0.01) (Fig. 8A) . Viability of cells expressing PTPL1 and empty vector2 was equivalent to (26) . GST fusion proteins were affinity purified on glutathione sepharose, and the precipitates were analyzed by immunoblotting with anti-V5 antibody to detect TRPM2 or anti-GST antibody to visualize GST fusion proteins. The lower bands (ϳ25 kDa) in GST immunoblots represent GST alone in cells transfected with empty pEBG-2T vector or a cleavage product of GST fusion proteins in other lanes. Cell lysates used in affinity purification were immunoblotted with anti-V5 antibody to ensure levels of TRPM2 were similar for each condition. Representative results obtained in three experiments are shown. nontransfected cells. Four experiments showed similar results. Western blot analysis of lysates from transfected cells used in viability studies confirmed equivalent expression levels of heterologous TRPM2 or PTPL1 in the different experimental groups (Fig. 8B) .
To assess the ability of PTPL1 to inhibit apoptosis or necrosis induced through TRPM2 in response to oxidative stress, HEK-293T cells transfected with TRPM2, PTPL1, or both were treated with 1 mM H 2 O 2 . Apoptosis was assessed at 6 h after treatment by labeling cells with Alexa Fluor 488 annexin V conjugates; annexin V binds to phosphatidylserine on the surface of early apoptotic cells. Necrosis was assessed by labeling with PI, which binds to nucleic acids in necrotic cells but does not penetrate the membrane of live or early apoptotic cells. Two experiments were performed and cell viability counted in triplicate. A representative field for each group of cells following treatment with 1 mM H 2 O 2 for 6 h is shown in Fig. 8C . Minimal apoptosis or necrosis was observed in nontransfected HEK-293T cells (4 Ϯ 1% labeled with annexin V, 5 Ϯ 1% labeled with PI, 1,197 total cells counted) or cells transfected with PTPL1 (4 Ϯ 1% labeled with annexin V, 4 Ϯ 1% labeled with PI, 1,232 cells counted). In contrast to these cells, HEK-293T cells transfected with TRPM2 and empty pFLAG-CMV2 vector demonstrated significantly more apoptosis and necrosis (14 Ϯ 2% labeled with annexin V, 19 Ϯ 3% labeled with PI, 1,130 cells counted; P Յ 0.001) when treated with 1 mM H 2 O 2 for 6 h. When HEK-293T cells were transfected with both TRPM2 and PTPL1, the number of apoptotic and necrotic cells (8 Ϯ 2% labeled with annexin V, 6 Ϯ 1% labeled with PI, 1,288 cells counted) after treatment was significantly less than that of cells transfected with TRPM2 (P Ͻ 0.001) but not significantly different from nontransfected cells or cells expressing PTPL1 alone. These results confirm a role for PTPL1 in modulating cell death induced in TRPM2-expressing cells through both apoptotic and necrotic processes.
Downregulation of endogenous PTPL1 with siRNA increases TRPM2 tyrosine phosphorylation, Ca 2ϩ influx, and susceptibility to cell death. To further examine the physiological significance of these findings, HEK-293T cells were depleted of endogenous PTPL1 by cotransfection with TRPM2 and siRNAs targeted to PTPL1. Western blot analysis demonstrated reduction of endogenous PTPL1 protein expression by siRNA targeted to PTPL1 (Fig. 9A) . No reduction in PTPL1 was observed in cells transfected with control siRNA. Longer exposure times were required to see endogenous PTPL1 protein bands, compared with that used to visualize the PTPL1 band in transfected cells. For cells in which PTPL1 expression was downregulated by siRNA, both TRPM2 and actin expression were unaffected (Fig. 9A) . This experiment was repeated four times with similar results.
To examine the effect of depletion of endogenous PTPL1 on TRPM2 phosphorylation, HEK-293T cells were cotransfected with V5-TRPM2 and control siRNA or siRNA targeted to PTPL1. Cells were treated with 1 mM H 2 O 2 for 20 min, and tyrosine phosphorylation of V5-TRPM2 was assessed at different time points following immunoprecipitation with anti-V5 antibody and Western blot analysis with anti-phosphotyrosine or anti-V5-HRP antibodies. A representative Western blot from one of four experiments is shown in Fig. 9B , demonstrating increased tyrosine phosphorylation of TRPM2 in cells transfected with siRNA targeted to PTPL1. Tyrosine phosphorylated TRPM2 bands were quantitated with densitometry and normalized to densitometry measurements of V5-TRPM2 bands. Baseline phosphorylation (100%) was that detected at time 0 in cells transfected with V5-TRPM2 and control siRNA. The mean Ϯ SE %increase in phosphorylated/total TRPM2 above baseline after treatment with H 2 O 2 was calculated for four experiments, and results are shown in Fig. 9C . Increased tyrosine phosphorylation of TRPM2 in cells in which PTPL1 was down regulated was observed in all four experiments. A significant difference between the two groups was determined by analysis of paired means over the time period of measurement (P ϭ 0.001). PTPL1 expression was also quantitated by densitometry measurements and was reduced to a mean of 55 Ϯ 4% in cells transfected with siRNA targeted to PTPL1 compared with control siRNA. These results indicate that Cells expressing BFP-TRPM2 alone or BFP-TRPM2 and control siRNA demonstrated a similar rise in [Ca 2ϩ ] i after treatment with H 2 O 2 (296 Ϯ 14%, 281 Ϯ 14% increase above baseline, respectively; see Table 2 ). Cells transfected with BFP-TRPM2 and siRNA targeted to PTPL1 demonstrated a significantly greater increase in [Ca 2ϩ ] i after treatment with H 2 O 2 (441 Ϯ 23% increase above baseline) compared with cells expressing BFP-TRPM2 alone or BFP-TRPM2 with control siRNA (Table 2 ; P Յ 0.0001). These results suggest that downregulation of the phosphatase PTPL1 is accompanied by enhanced TRPM2 channel activation by H 2 O 2 .
To assess the role of endogenous PTPL1 in modulating susceptibility to cell death through TRPM2, HEK-293T cells were transfected with V5-TRPM2 or empty pcDNA3.1/V5-His TOPO vector, and siRNA was targeted to PTPL1 or control siRNA. Cells were treated with 1 mM H 2 O 2 for 1, 4, or 6 h, and cell viability was assessed by trypan blue exclusion. Representative results of four experiments are shown in Fig. 10A . At 1, 4, and 6 h after treatment, the viability of cells transfected with empty vector alone, empty vector and control siRNA, or empty vector and siRNA targeted to PTPL1 was not significantly different. The viability of cells expressing TRPM2 or TRPM2 and control siRNA was significantly less than all three groups of control cells transfected with empty vector (P Ͻ 0.02). Viability of cells transfected with TRPM2 alone or TRPM2 with control siRNA was similar. In contrast, viability of cells expressing TRPM2 and siRNA targeted to PTPL1 was significantly worse than cells transfected with TRPM2 alone or TRPM2 with control siRNA (P Յ 0.02) (Fig. 10A ). All four experiments showed similar results.
To examine the role of endogenous PTPL1 in modulating susceptibility to apoptosis or necrosis in TRPM2-expressing cells with another approach, HEK-293T cells expressing V5-TRPM2 and siRNA targeted to PTPL1 or control siRNA were treated with 1 mM H 2 O 2 . Apoptosis was assessed at 6 h after treatment by labeling cells with Alexa Fluor 488 annexin V conjugates, and necrosis was assessed by labeling with PI, followed by fluorescence microscopy. Representative results are shown in Fig. 10B . Treatment of HEK-293T cells transfected with TRPM2 and siRNA targeted to PTPL1 with 1 mM H 2 O 2 resulted in significantly more cells stained with annexin V (23 Ϯ 3%, 1,303 cells counted) or PI (22 Ϯ 3%) than cells transfected with TRPM2 and control siRNA (14 Ϯ 1% labeled with annexin, 13 Ϯ 2% labeled with PI, 1,241 cells counted, P Յ 0.02). These experiments support the conclusion that reduction in PTPL1 expression results in increased cell death through both apoptotic and necrotic processes in TRPM2-expressing cells.
DISCUSSION
TRPM2 is a calcium-permeable channel that is widely recognized to play a role in the susceptibility of cells to death in response to oxidative stress, TNF␣, amyloid ␤-peptide, and concanavalin A (14, 16, 17, 55) . PTPL1 is a tyrosine phosphatase that plays an important role in resistance to apoptosis and tumorigenesis (2, 23, 53) . Here, we demonstrate that TRPM2 is tyrosine phosphorylated following treatment with H 2 O 2 or TNF␣ and that TRPM2 is a target for dephosphorylation and inactivation by PTPL1. Modulation of TRPM2 function by PTPL1 may be a novel mechanism that contributes to the ability of PTPL1 to mediate resistance to apoptosis and death in some cell types.
The first finding of this report is that TRPM2 is tyrosine phosphorylated in response to H 2 O 2 or TNF␣. Other TRP channels that are tyrosine phosphorylated in response to agonists include TRPC3 (47), TRPC6 (21), TRPM7 (24) , and TRPV4 (52) . The ability of the broad tyrosine kinase inhibitor genistein and the Src kinase family inhibitor PP2 to block the rise in [Ca 2ϩ ] i in TRPM2-expressing cells exposed to H 2 O 2 or TNF␣ suggests that a Src kinase is responsible for TRPM2 Fig. 10 . Downregulation of endogenous PTPL1 with siRNA reduces viability of TRPM2-expressing cells. A: Depletion of endogenous PTPL1 reduces cell viability. HEK-293T cells were transfected with empty pcDNA3.1/V5-His TOPO vector, TRPM2, and either control siRNA or siRNA targeted to PTPL1. Viability was assessed at 0, 1, 4, and 6 h of treatment with 1 mM H2O2 with trypan blue exclusion. Cells in each group were counted in triplicate at each time point, and the mean Ϯ SE %viable cells are shown. *P Ͻ 0.01, significant difference in viability compared with cells transfected with TRPM2 and control siRNA. This experiment was repeated four times with similar results. B: viability of cells expressing TRPM2 and siRNA targeted to PTPL1 assessed with annexin V and PI staining. HEK-293T cells were transfected with V5-TRPM2 and either control siRNA or siRNA targeted to PTPL1. Cells were treated with 1 mM H2O2 for 6 h, and cell viability was assessed by labeling with Alexa Fluor 488 annexin V conjugate to detect apoptotic cells and PI to detect necrotic cells. Images were obtained with phase and fluorescent microscopy. A representative field is shown from each group of treated cells. Over 1,000 cells were assessed in each group. ]i was measured at baseline, and the peak measurement was obtained during monitoring at 1-to 2-min intervals for 20 min after treatment. %Increase above baseline represents peak [Ca 2ϩ ]i divided by baseline ϫ 100% Ϫ 100% (baseline). *P Յ 0.02, significant difference in %increase from cells transfected with BFP-TRPM2 and treated with H2O2.
tyrosine phosphorylation. The identity of this kinase and the critical TRPM2 tyrosines that are phosphorylated are currently being investigated. Of note, other known targets for dephosphorylation by PTPL1 are also phosphorylated by Src kinases (23, 49) .
The second major finding of this report is that the phosphatase PTPL1 associates with TRPM2. The interaction of PTPL1 with TRPM2 was demonstrated by three different approaches: using a TransSignal PDZ Domain Array blot, immunoprecipitation, and GST-pulldown assays with each of the five PDZ domains of PTPL1. TRPM2 was shown by both TransSignal PDZ Domain Array blots and GST-pulldown assays to interact with the first and fifth PDZ domains of PTPL1. Previously, PDZ1 of PTPL1 was shown to interact with the bromodomaincontaining protein BP75 and the transcription regulator IB␣ (13) . TRPM2 is the first protein demonstrated to interact with the PDZ5 domain of PTPL1. The functional importance of the association of TRPM2 with these two PDZ domains of PTPL1 is not clear. These interactions may have a role in complex formation with other proteins that associate with the PDZ domains of PTPL1, or may simply function to bring TRPM2 into close proximity with the phosphatase domain of PTPL1. In addition, the PDZ5 domain and PDZ2 and PDZ3 of PTPL1 have been shown to interact with 1-phosphatidylinositol 4,5-biphosphate (13) . Interaction with 1-phosphatidylinositol 4,5-biphosphate may be important for the membrane localization of PTPL1, bringing it into proximity with TRPM2 at the plasma membrane surface and resulting in the interactions which modulate TRPM2 activation.
The third major finding in this report is that TRPM2 phosphorylation is functionally important. Using two different kinase inhibitors, we demonstrated that inhibition of TRPM2 phosphorylation observed in response to oxidative stress blocked the rise in [Ca 2ϩ ] i in cells expressing TRPM2. However, because kinase inhibitors lack specificity, we examined the functional role of tyrosine phosphorylation of TRPM2 using two other approaches. First, we overexpressed the tyrosine phosphatase PTPL1, demonstrating a decrease in TRPM2 tyrosine phosphorylation, reduction in the expected rise in [Ca 2ϩ ] i , and preservation of cell viability following treatment with H 2 O 2 or TNF␣. Using a second, more physiological approach, we downregulated endogenous PTPL1, and demonstrated an increase in TRPM2 tyrosine phosphorylation, a significantly greater rise in [Ca 2ϩ ] i , and reduced cell viability in TRPM2-expressing cells treated with H 2 O 2 or TNF␣. Together, these results support the conclusion that tyrosine phosphorylation of TRPM2 is involved in its regulation and that TRPM2 phosphorylation and activation are modulated by PTPL1 expression.
The mechanisms through which tyrosine phosphorylation of TRPM2 influences its activation are not known, but potential pathways include phosphorylation of tyrosines in the TRPM2 NUDT9-H domain, which may affect the efficiency of ADP ribose binding (28) ; phosphorylation of calmodulin binding sites, which may affect the efficiency of calmodulin interaction with TRPM2, which provides positive feedback for channel activation following Ca 2ϩ influx (44) ; or phosphorylation of sites influencing the tertiary structure of TRPM2, enhancing pore opening. To identify the mechanisms, we are currently in the process of identifying specific tyrosines on TRPM2, which are phosphorylated in response to oxidative stress.
The level of PTPL1 expression correlates positively with resistance to apoptosis, and mechanisms through which PTPL1 may mediate its effects on apoptosis include regulation of Fas cell surface expression (23) or through the phosphatidylinositol 3-kinase pathway (6, 26) . Here, we provide evidence that TRPM2, which mediates susceptibility to cell death in response to oxidative stress, TNF␣, and amyloid ␤-peptide (14, 17, 55) , is another target of PTPL1 through which resistance to apoptosis and cell death may be mediated. We hypothesize that association of endogenous TRPM2 with PTPL1 has a role in maintaining TRPM2 in a dephosphorylated and inactive state. Under oxidative stress and other conditions which enhance TRPM2 tyrosine phosphorylation, the association of TRPM2 and PTPL1 contributes to dephosphorylation of activated TRPM2 and containment of Ca 2ϩ influx, preserving cell viability. Although Hara et al. (17) suggested that cell death in TRPM2-expressing cells treated with 100 -300 M H 2 O 2 was not associated with activation of caspase 3 or DNA laddering and therefore was primarily necrotic, we observed an increase in both apoptotic and necrotic death, consistent with previous findings demonstrating caspase cleavage in TRPM2-expressing cells after H 2 O 2 treatment (55). These differences may reflect different H 2 O 2 concentrations, cells lines, or other experimental conditions. The role of TRPM2 in concanavalin A-mediated inward current and concanavalin A-induced death of Jurkat cells was recognized recently (16) . As additional agonists that activate TRPM2 are identified, understanding the mechanisms that regulate TRPM2 activation and its modulation of cell death is becoming increasingly important.
